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Signaltransductionoftheinsectsteroidhormones,ecdysteroids,ismediatedbytheecdys-
teroid receptor, EcR. In various cells of the insect Rhodnius prolixus, EcR is present in both
the nucleus and the cytoplasm, where it undergoes daily cycling in abundance and cellular
location at particular developmental times of the last larval instar that are speciﬁc to differ-
ent cell types. EcR favors a cytoplasmic location in the day and a nuclear location in the
night.This study is the ﬁrst to examine the potential mechanisms of intracellular transport
of EcR and reveals close similarities with some of its mammalian counterparts. In dou-
ble and triple labels using several antibodies, immunohistochemistry, and confocal laser
scanning microscopy, we observed co-localization of EcR with the microtubules (MTs).
Treatments with either the MT-stabilizing agent taxol or with colchicine, which depolymer-
izes MTs, resulted in considerable reduction in nuclear EcR with a concomitant increase
in cytoplasmic EcR suggesting that MT disruption inhibits receptor accumulation in the
nucleus. EcR also co-localizes with the chaperone Hsp90, the immunophilin FKBP52, and
the light chain 1 of the motor protein dynein. All these factors also co-localize with MTs.
We propose that in Rhodnius, EcR exerts its genomic effects by forming a complex with
Hsp90 and FKBP52, which uses dynein on MTs as a mechanism for daily nucleocytoplas-
mic shuttling.The complex is transported intact to the nucleus and dissociates within it.We
propose that EcR utilizes the cytoskeletal tracks for movement in a manner closely similar
to that used by the glucocorticoid receptor. We also observed co-localization of EcR with
mitochondria which suggests that EcR, like its mammalian counterparts, may be involved
in the coordination of non-genomic responses of ecdysteroids in mitochondria.
Keywords: microtubules, Hsp90, immunophilin, dynein, nucleocytoplasmic receptor shuttling, mitochondria,
steroid hormone, Rhodnius
INTRODUCTION
Ecdysteroids, the steroid hormones of insects, coordinate a wide
varietyofdevelopmentalandphysiologicalprocessesbybindingto
a speciﬁc cellular receptor protein called the ecdysteroid receptor
(EcR) and regulate tissue- and stage-speciﬁc gene transcription.
EcR is a ligand-activated transcription factor and a member of
thesteroidreceptorsuperfamily(reviewedbyHenrich,2009).The
functional ecdysone receptor in insects is a heterodimer of the
EcR protein and a RXR homolog, Ultraspiracle (Usp; review by
Spindler et al., 2009). EcR and Usp and their isoforms have been
cloned from many insects and other arthropods and their differ-
ential expression is considered a major factor in regulation of the
diversity of cellular responses to ecdysteroids during development
(review by Riddiford et al., 2003). There is an extensive literature
on the molecular structure, mechanisms of partnership with Usp
andtranscriptionalactivityof EcR(e.g.,reviewsbyHenrich,2009;
Nakagawa and Henrich,2009; Spindler et al.,2009). In mammals,
steroidreceptorsandmostofthenuclearfactorsinvolvedinsignal-
ingcascadesarecontinuallyshuttlingbetweenthenucleusandthe
cytoplasm (review by Echeverria and Picard,2010). EcR possesses
bothnuclearlocalizationandnuclearexportsignals(Gwózdzetal.,
2007) and interacts with exportin 1 (Betanska et al., 2011). The
presence of cytoplasmic EcR in insects has been noted but no
signiﬁcance has been attributed to it (Lammerding-Köppel et al.,
1998;Gwózdzetal.,2007;Nievaetal.,2007;Betanskaetal.,2011).
The only evidence that EcR undergoes shuttling derives from evi-
dence in Rhodnius prolixus (Vafopoulou and Steel, 2006). More
recently,it was found that the orphan nuclear receptor DHR4 also
undergoesnucleocytoplasmicshuttlinginprothoracicgland(PG)
cells of Drosophila (Ou et al., 2012) suggesting that shuttling of
nuclear receptors may be a common phenomenon in insects.
Rhodnius is a historically favored model system for studies
of the hormonal control of insect development (Wigglesworth,
1985). A blood meal is required by each stage to initiate develop-
ment to the next stage, which results in remarkable synchrony in
a group of insects fed simultaneously throughout the 21-days of
larval–adult development. This synchrony results in unmatched
precision of timing of developmental events. It has also enabled
thislaboratorytoidentifytheﬁrstcircadianrhythmsininsecthor-
mones, particularly in the levels of the steroid molting hormones
(ecdysteroids; Ampleford and Steel, 1985; Vafopoulou and Steel,
1991; review by Steel and Vafopoulou, 2006). Recently we also
showedthatEcRshuttlesbetweennucleusandcytoplasmofseveral
cell types and that this shuttling occurs with a circadian rhythm.
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The abundance of EcR in the nuclei peaks during the night and
decays during the day, whereas the abundance in the cytoplasm
shows an inverse trend and peaks during the day and reaches low
levels in the night. This shuttling rhythm persists in continuous
darkness,emphasizing its circadian nature (Vafopoulou and Steel,
2006). The circadian rhythm of shuttling is in synchrony with
the circadian rhythm of circulating ecdysteroids (Vafopoulou and
Steel, 2006; Vafopoulou, 2009). Circadian shuttling had not been
seen previously in any animal. The present paper conﬁrms these
initial ﬁndings but also shows that shuttling can be restricted to a
period of only a few of the 21-days of development in certain cell
types, but occurs on every day of development in others.
The mechanisms underlying EcR transport within cells has
never been studied.We proposed recently,using double immuno-
labels, that EcR may utilize molecular machinery involving
cytoskeletaltracks,similartovesicletransport(Vafopoulou,2009).
The cytoskeleton has been implicated as a system for targeted
movement of several mammalian steroid receptors. The primary
objective of the present article is to investigate the relationship
betweenEcRinthecytoplasmandthemotormachineryof micro-
tubules (MTs) and mitochondria in several cell types of Rhod-
nius. We report that EcR in the cytoplasm becomes co-localized
with both the chaperone Hsp90 and co-chaperone immunophilin
FKBP52 and also with the light chain 1 of the motor protein
dynein of microtubules (MTs) and tubulin of MTs, indicating
that EcR may form a complex with Hsp90 and FKBP52, simi-
lar to that of its mammalian counterparts. This complex may use
dynein as the motor protein on MTs for targeted movement to the
nucleus. This movement system is very similar to that utilized by
the glucocorticoid receptor (GR). We also found that the inferred
EcR–Hsp–FKBP52 complex shuttles intact into the nucleus and
thatEcRdissociatesfromthechaperonesinsidethenucleus.These
ﬁndingsbringEcRintocloseralignmentwiththemorethoroughly
analyzed mammalian steroid hormones.
A second objective of the present work was to examine rela-
tionships between EcR and cytoplasmic organelles, to identify
potential non-genomic roles for cytoplasmic EcR. Many examples
of rapid actions of ecdysteroids cannot be explained by genomic
actions and imply potential non-genomic actions of ecdysteroids
(reviewed by Schlattner et al., 2006), which indicate a functional
signiﬁcanceforthepresenceofEcRinthecytoplasm.Manyactions
of ecdysteroidsarerapidandtransientandusuallyinvolveelectro-
chemicalchangesatthecellmembrane(reviewbySchlattneretal.,
2006). Membrane-bound molecules that appear to be related to
conventional EcR have been reported (Elmogy et al., 2004, 2007).
WereportedrecentlythatEcRassociateswithmitochondriainthe
cytoplasm of PG cells of Rhodnius (Vafopoulou, 2009). Here, we
reportco-localizationofcytoplasmicEcRwithmitochondriainall
cell types studied, showing that the mitochondria are a potential
site for non-genomic actions of ecdysteroids.
MATERIALS AND METHODS
ANIMALS
Fifth (last) larval instar males of R. prolixus were raised at 28˚C in
a 12-h light:12h dark regime. Animals exist in a state of arrested
developmentuntilgivenabloodmeal,whichinitiateslarval–adult
development. The day of feeding was designated day 0. Days of
development were counted from the day of feeding. Ecdysis is
gated with a median on day 21. Tissues were dissected at day 13
after a blood meal.
ANTIBODIES, PROTEINS, AND REAGENTS
A mouse monoclonal EcR antibody (9B9) was purchased from
Developmental Studies Hybridoma Bank (University of Iowa).
This antibody detects an epitope between residues 127 and 354
of Manduca sexta EcR; these sequences are present in all EcR
isoforms of Manduca, hence they were designated EcR-common
(Fujiwara et al., 1995; Jindra et al., 1996). This antibody has been
used previously to localize EcR in PG cells (Vafopoulou, 2009).
Several lines of evidence validated the speciﬁcity of this antibody
in recognizing the EcR of Rhodnius. First, this antibody recog-
nizes only three proteins in Rhodnius PGs on Western blots at
79, 64, and 56kDa (Vafopoulou, 2009). Proteins of closely similar
molecular masses to those above were also identiﬁed in various
Rhodnius tissue extracts using two other antibodies (15C3 and
10F1) which were also produced against the common region of
Manduca EcR(Vafopoulouetal.,2005).Thesethreeimmunoreac-
tiveproteinspossessverysimilarmolecularmassestoEcRisoforms
reported in other insects and have been considered to represent
the isoforms of Rhodnius EcR (references in Vafopoulou et al.,
2005; Vafopoulou, 2009). Upregulation of EcR was seen with all
three antibodies in response to an increase in ecdysteroid levels
in vivo and in vitro (Vafopoulou et al., 2005; Vafopoulou, 2009),
as is expected for ligand inducible receptors such as EcR (Hen-
rich, 2009). The 9B9 antibody was used immunohistochemically
to demonstrate a circadian rhythm in abundance and cytoplas-
mic location of EcR in PGs (Vafopoulou, 2009). This circadian
rhythm was of the same phase and period length as had been
reported earlier using the other two EcR antibodies (Vafopoulou
and Steel, 2006). We conclude that all three antibodies recog-
nize the native Rhodnius EcR. This antibody was used at a 1:1000
dilution.
A rabbit polyclonal antibody against the whole human Hsp90
was purchased from Stressgen (Enzo Life Science International,
Plymouth Meeting, PA, USA) and was used at a 1:250 dilution.
This antibody recognizes a protein of about 90kDa in samples
frommanyeukaryotes,includingDrosophila (supplierdata).Blast
searches revealed that Hsp90 is a highly conserved protein among
animals;itdisplaysa60–80%aminoacididentitybetweenavariety
of mammals and insects. The nucleotide sequences of the Hsp90
genes of insects are highly conserved showing 80–99% identities
(see references in Zhang and Denlinger, 2010; Shu et al., 2011). A
Blast search of the Rhodnius trace archive revealed two sequential,
long stretches (total of about 1000 nucleic acids) that share about
73% identity with the Hsp90 genes of humans and insects.
One class of Hsp90-binding co-chaperones is the FK506
immunophilin FKBP52. A rabbit polyclonal antibody against
amino acids 1–50 at the amino end of human FKBP52 was pur-
chased from Novus Biologicals (Littleton, CO, USA) and was
used at a dilution of 1:100. A Blast search revealed that human
FKBP52 shares about 50% amino acid identity with its insect
homologs; the amino acid identity in the 1–50 sequence ranges
between 30 and 63% between humans and several insect species
like Drosophila, Bombyx, and Apis. A Blast search of the Rhodnius
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tracearchiverevealedtwosequential,highlyconservedregionsthat
share 85–100% identity with the coding sequence of the 50 amino
acids at the amino end of human FKBP52.
A rabbit polyclonal antibody (DNLL1/2) against the whole
molecule(89aminoacids)ofhumandyneinlightchainI(DNLL1)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and was used at a dilution of 1:100. This antibody also rec-
ognizes the closely similar DYNLL2 in humans. DYNLL1 is highly
conserved across species. For example, the amino acid sequence
of Drosophila DYNLL1 shares about 92% similarity with the
DYNLL1of humans,Chlamydomonasreinhardtii,andCaenorhab-
ditiselegans (Dicketal.,1996).ABlastsearchoftheRhodnius trace
archiverevealedﬁvesequentialregionsthatshare78–93%identity
with the coding sequences of human DYNLL1.
Native human Hsp90 (Enzo Life Science International, Ply-
mouth Meeting, PA, USA), full-length, recombinant, His-tagged
FKBP52 (Novus Biologicals, Littleton, CO, USA), and lysate of
humanDYNLL1fromtransfected293Tcells(SantaCruzBiotech-
nology, Santa Cruz, CA, USA) were used as positive controls
on Western blots. Each of these proteins produce single bands
when they immunoreact with their respective antibodies listed
above (manufacturers’ data sheets); their respective migration
positions correspond to approximately 90kDa for Hsp90, 54kDa
for FKBP52, and 10kDa for DYNLL1.
MTs were labeled with a rat monoclonal antibody against tyro-
sylatedα-tubulin(YL1/2)whichwaspurchasedfromAbDSerotec
(Raleigh,NC,USA)andwasusedata1:400dilution.Thisantibody
speciﬁcally recognizes a linear sequence with an aromatic residue
at the C-terminus, with two adjacent, negatively charged, amino
acids; this sequence is represented by Gly-Gly-Tyr in tyrosylated
α-tubulin (manufacturer’s information).
Mitochondriawerelabeledwithacell-permeant,mitochondria-
selective ﬂuorescent dye, MitoTracker Deep Red 633, which has
been used before to localize mitochondria in Rhodnius PGs
(Vafopoulou, 2009). Acidic organelles, including lysosomes, were
labeled with a cell-permeant, ﬂuorescent dye LysoTracker Red
DND-99. Both dyes were purchased from Molecular Probes
(Eugene,OR,USA)andusedaccordingtomanufacturer’sinstruc-
tions.
For single and double label immunohistochemistry the follow-
ingﬂuorescentsecondaryantibodieswereused:anAlexaﬂuor488
(green) goat anti-mouse IgG was used to localize EcR; an Alexa
ﬂuor 555 (red) goat anti-rat IgG was used to localize tubulin; an
Alexa ﬂuor 555 (red) goat anti-rabbit IgG was used to localize
Hsp90 and FKBP52. For triple label experiments, an Alexa ﬂuor
488(green)goatanti-mouseIgGwasusedtolocalizeEcR,anAlexa
ﬂuor555(red)goatanti-ratIgGwasusedtolocalizetubulinandan
Alexa ﬂuor 633 (far red) goat anti-rabbit IgG was used to localize
DNLL1.All secondary antibodies were purchased from Molecular
Probes (Eugene, OR, USA) and were used at 1:200 dilutions.
Taxol (paclitaxel) and colchicine were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Vectashield mounting medium
was purchased from Vector Laboratories (Burlingame, CA, USA).
PVDFﬁlterswerepurchasedfromMillipore(Billerica,MA,USA).
Ten percent SDS-PAGE gels, 15% Tris-Tricine gels, and kaleido-
scope pre-stained standards were purchased from Bio-Rad (Her-
cules, CA, USA). Amicon Ultra-0.5ml (Ultracel-PL membrane)
centrifugal tubes for protein puriﬁcation and concentration were
purchased from Millipore (Billerica, MA, USA). Four types of
tubes were used for protein ﬁltration with molecular sizes cut-off
at 10, 30, 50, and 100kDa.
IMMUNOHISTOCHEMISTRY AND IMAGE COLLECTION
Tissues were ﬁxed according to an established protocol
(Vafopoulou, 2009). In order to preserve the cytoskeleton and
have good visualization of nuclear and cytoplasmic EcR, tissues
were dissected in PBS (pH 7.4) containing 10mM EGTA and
1mM MgSO4; MT assembly was induced by decreasing Ca++
concentration by addition of the chelating agent EGTA. In sin-
gle label experiments with anti-EcR (to demonstrate the presence
of cytoplasmic EcR), tissues were incubated in PBS at 37˚C for
30min to allow MTs to polymerize. In double label experiments,
co-localization of EcR with MTs or mitochondria was visualized
in tissues where MTs were stabilized in live cells with 10μM taxol
in PBS for 1h at 37˚C, prior to ﬁxation. Taxol was obtained
from a 10-mM stock solution in dimethyl sulfoxide (DMSO).
DMSO was added to aid dissolution of taxol. Likewise, in order
to ascertain co-localization of anti-EcR with mitochondria, the
taxol-treated tissues were incubated for 45min at 37˚C in 400nM
MitoTrackerDeepRed633,acell-permeantﬂuorescentprobespe-
ciﬁc for mitochondria. This probe was well retained following cell
ﬁxation. In order to ascertain co-localization of EcR with acidic
organelles (like lysosomes), tissues were incubated for 45min at
37˚C in 50nM LysoTracker Red DND-99. All tissues were then
ﬁxed in freshly prepared 4% paraformaldehyde containing 0.15%
glutaraldehyde(2hat37˚C).Additionof glutaraldehydetotheﬁx-
ative enhances preservation of MTs by cross-linking them inside
the cell. The tissues were washed thoroughly in PBS and then
pre-incubated in 5% control serum containing 1% Triton X-
100 as a permeabilizing agent followed by secondary antibody
incubation (2h at room temperature). Tissues were mounted in
Vectashield.
The pattern of co-localization of EcR with MTs was compared
intissueswhereMTsweredepolymerizedwithcolchicine.Depoly-
merization was achieved by incubating live cells with 10μM
colchicine in PBS for 1h at room temperature. For controls, the
primary antibodies were replaced with non-immune serum or
the secondary antibodies were replaced with PBS, or MitoTracker
Deep Red 633 was omitted. Fluorescence levels in controls were
indistinguishable from the background and autoﬂuorescence was
notdetected.Fluorescenceresultingfromantibodybindingtocells
is called here EcR, HsP90, FKBP52, DYNLL1, or tubulin ﬂuores-
cence depending on the antibody. Ten animals were dissected at
each indicated time point.
Digital optical sections at 1μm distances were viewed with
an Olympus FV300 confocal laser scanning microscope. Red and
green ﬂuorescence were scanned using separate channels to excite
Alexa ﬂuor 488 at 488nm, Alexa ﬂuor 555 at 568nm, and Mito-
TrackerDeepRed633andAlexaﬂuor633at644nm.Stringentuse
of ﬁlter blocks was employed to prevent bleed-through between
channels. Settings were kept identical for all scanning sessions.
Images were processed using Image J 1.41 (NIH) and Adobe Pho-
toshop CS5. Images were modiﬁed only to adjust contrast and
merge ﬁles.
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SDS-PAGE AND WESTERN BLOTS
To conﬁrm the speciﬁcities of the antibodies against proteins
related to human Hsp90, FKBP52, and DYNLL1, protein sam-
ples from day 13 salivary glands (SGs) were immunoblotted.
Batches of 30 SGs each were homogenized by sonication in lysis
buffer (50mM Tris–HCl pH 7.4; 150mM NaCl,1% Triton X-100,
1mM EDTA, 1mM dithiothreitol (DTT), 1mM phenylmethyl
sulfonylﬂuoride (PMSF), 2μg/ml leupeptin, and 1mg/ml each
antipain,aprotinin,and pepstatinA and centrifuged at 15,000×g
for 10min at 4˚C to remove cell debris. The supernatant was
retrieved and fractioned into different molecular size fractions
using Amicon Ultra centrifugation tubes. In order to concentrate
and partially isolate the Hsp90-related proteins from other pro-
teins, supernatants were centrifuged using a 100-kDa ﬁlter mem-
brane. The retentate was discarded to remove proteins >100kDa
and the ﬁltrate was re-centrifuged using a 50-kDa ﬁlter mem-
brane to remove proteins <50kDa. Then the retentate, which
contained proteins in the range of 50–100kDa was used on West-
ern blots. For FKBP52, the supernatant was ﬁrst centrifuged with
a 50-kDa ﬁlter membrane to remove proteins >50kDa and the
ﬁltrate was re-centrifuged using a 10-kDa ﬁlter membrane. The
retentate, which contained proteins in the range of 10–50kDa
was used on Western blots. For DYNLL1, the supernatant was
centrifuged using a 30-kDa ﬁlter membrane to remove all pro-
teins >30kDa and the ﬁltrate was used on Western blots. 10%
SDS-PAGE was used for identifying Hsp90- and FKBP52-related
proteins and 15% Tris-Tricine PAGE was used for identiﬁcation
of DYNLL1-related proteins. Western blots were performed using
standardprocedures.Proteinswereelectrophoreticallytransferred
onto PVDF ﬁlters. Signal detection on ﬁlters was performed using
the O-dianisidine reaction. As positive controls, puriﬁed proteins
for human Hsp90, FKBP52, and DYNLL1 were used.
The Western blots in Figure 1 show that Rhodnius contains
proteins that immunoreact with the antibodies against Hsp90
(left blot), FkBP52 (middle blot), and DYNLL1 (right blot). Two
immunoreactive protein bands were revealed with anti-Hsp90, a
major one at approximately 90kDa and a minor one at approx-
imately 85kDa. The major 90kDa immunoreactive band co-
migrated with the single control human Hsp90 band. A single
immunoreactive protein band was revealed with anti-FKBP52
that co-migrated with the single control human FKBP52 band
at approximately 45kDa. A single immunoreactive protein band
was revealed with anti-DYNLL1 that co-migrated with the single
control human DYNLL1 band at approximately 15kDa. Various
gelswerepreparedusingtheunusedfractionsfromthesefraction-
ations,butwerefoundtocontainnobandsthatwereimmunoreac-
tivewiththerelevantantibody.Therefore,theSGcellsof Rhodnius
contain proteins electrophoretically and immunologically related
to human Hsp90, FKBP90, and DYNLL1.
RESULTS
CYCLING OF EcR IN RHODNIUS CELLS
We reported before the presence of a circadian rhythm in abun-
dance and subcellular localization in EcR in several different
cell types using a different EcR antibody (Vafopoulou and Steel,
2006) and a clear daily rhythm in PG cells using the 9B9 anti-
body (Vafopoulou, 2009). Presently, we conﬁrmed the presence
FIGURE 1 |Western blots showing immunoreactivity of control human
proteins Hsp90, FKBP52 and DYNLL1 (lanes labeled H), and proteins
extracted from Rhodnius SG cells (lanes labeled R) to anti-Hsp90 (left
panel), anti-FKBP52 (middle panel), and anti-DYNLL1 (right panel)
respectively.The standards are shown on left and right.The relative
molecular sizes of the proteins recognized by these antibodies are shown in
the middle.Two proteins approximately at 90 and 85kDa immunoreact with
the anti-Hsp90 in SG cell extracts; the 90-kDa protein co-migrates with the
90-kDa control Hsp90. A Rhodnius protein at approximately 45kDa
immunoreacts with anti-FKBP52 and co-migrates with the control FKBP52
protein. A Rhodnius protein at approximately 15kDa immunoreacts with
anti-DYNLL1 and co-migrates with the control DYNLL1 protein.
of an EcR rhythm in various cell types using the 9B9 EcR anti-
body (Figure 2). Tissues which are known ecdysteroid targets
(Vafopoulou et al., 2005), were dissected twice on day 13, in
the middle of scotophase (7h after lights-off) and in the mid-
dle of photophase (7h after lights-on). In scotophase, strong
and abundant nuclear EcR ﬂuorescence was observed in all cell
types (Figures 2A,C,E,G,I,K) accompanied by moderate (arrows
in Figures 2C,E,G) or nil cytoplasmic EcR ﬂuorescence, suggest-
ing genomic effects of ecdysteroids at this time. Both PG and SG
cells possess enormous polyploid nuclei carrying a large number
of nucleoli (non-ﬂuorescent areas in nuclei; Figures 2C,E respec-
tively); SG cells are binucleate (Figure 2E). The nucleoli were not
labeled with the exception of oenocytes (Figure 2K) suggesting
that ecdysteroids may also affect nucleolar activities like rRNA
synthesis in this cell type.
In contrast,in photophase,widespread distribution of EcR was
evident in the cytoplasm of all cell types (Figures 2B,D,F,H,J,L),
whereas nuclear EcR ﬂuorescence was signiﬁcantly diminished,
but not entirely absent (e.g.,Figures2B,D,H,L). Cytoplasmic EcR
usually appeared either as densely packed ﬂuorescent dots and
small rods over most of the cytoplasm (Figures 2F,H) or dif-
fuse and uniform (Figures 2B,D). In several cell types such as
the fat body cells (Figure2H) and oenocytes (Figure2L),EcR ﬂu-
orescence exhibited a distinct pattern of accumulation around the
nucleisimilartothatseenwiththedistributionofmitochondriain
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FIGURE 2 | Images show changes in the subcellular distribution and
relative intensity of EcR immunoﬂuorescence in the nucleus and the
cytoplasm between scotophase (left column) and photophase (right
column) during larval–adult development in brain neurons (A,B), PG
cells (C,D), SG cells (E,F), fat body cells (G,H), epidermal cells (I,J), and
oenocytes (K,L). Arrow in (B) shows EcR ﬂuorescence in axons. Arrows in
(C,E,G) show reduced cytoplasmic ﬂuorescence in scotophase. Scale
bars=10 μm.
Figure10.Importantly,EcRﬂuorescencewasalsoseenintheaxons
of brain neurons, indicating axonal transport of EcR (Figure 2B,
arrow;see Discussion). The cytoplasm of fat body cells was highly
vacuolated. These vacuoles represent the areas of fat deposits that
were not preserved with paraformaldehyde–glutaraldehyde and
were extracted during ﬁxation (Figures 2G,H). Two conclusions
are derived from these ﬁndings: ﬁrst, a clear daily rhythm of
nuclear EcR ﬂuorescence exists in many cell types of Rhodnius
at the beginning of the late period of larval–adult development,
conﬁrmingourpreviousﬁndings.Second,thisdailyrhythmshows
daily shuttling of EcR to the nucleus.
DEVELOPMENTAL PROFILES OF EcR FLUORESCENCE IN NUCLEUS AND
CYTOPLASM IN DIFFERENT CELL TYPES
Developmental proﬁles of EcR distribution in the cytoplasm and
nuclei of the cell types described in the previous section were
constructed based on cytological evaluation for the presence or
absence of EcR ﬂuorescence during the entire larval–adult devel-
opment(Figure3).Tissuesweredissectedthroughoutthisperiod,
beginning at 2h after feeding and every 2days thereafter until day
18; ecdysis occurred around day 21. Dissections were carried out
twice a day, once in middle photophase and once in middle sco-
tophase.ThesetimepointswereselectedbecauseEcRﬂuorescence
is conﬁned at these times to either the nucleus or the cytoplasm
(see Figure 2). At each time point, 10 animals were sacriﬁced and
whole mounts of six different tissues were scored for the presence
of EcR ﬂuorescence in the nuclei and in the cytoplasm. Cytoplas-
micEcRﬂuorescencewasscoredfromthephotophasetissues(light
bars in Figure 3) and nuclear EcR ﬂuorescence was scored from
the scotophase tissues (dark bars in Figure3). In both cases,ﬂuo-
rescence was scored as either positive (hatched regions of bars) or
as negative (unhatched regions of bars). A positive score required
at least one cell in each tissue sample to show ﬂuorescence, while
a negative score required all cells in each sample to be devoid of
ﬂuorescence. Therefore,the bars in Figure3 do not imply quanti-
tativedifferences.Thebarsshowtheperiodsof time(days)during
development where nuclear and cytoplasmic EcR ﬂuorescence is
present in each of the six tissues. It is striking that this time period
is tissue-speciﬁc (see below). Daily shuttling of EcR between cyto-
plasm and nucleus can only occur on days when both light and
dark bars are hatched, showing that shuttling is constrained to
different developmental times in different tissues (see below).
Two general conclusions can be made: ﬁrst, within a particu-
lar cell type, nuclear EcR ﬂuorescence was restricted to a speciﬁc
developmental period. For example, abundant nuclear EcR ﬂu-
orescence was apparent almost throughout development in cells
of the PGs, epidermis, and fat body. In contrast, nuclear ﬂuores-
cence was present during short periods of time in brain neurons,
SG cells, and oenocytes. These proﬁles are in general agreement
with previous ﬁndings and their importance to development has
been discussed elsewhere (Vafopoulou et al., 2005). Second, the
proﬁles of cytoplasmic EcR ﬂuorescence corresponding to a par-
ticular cell type are rarely completely coincidental within a day
with those of nuclear EcR ﬂuorescence. This is the case for all
cell types except PG cells in which both nuclear and cytoplasmic
EcR ﬂuorescence were present throughout development. In three
cell types, brain neurons, SG cells, and oenocytes the presence
of EcR ﬂuorescence in the nuclei was brief whereas the appear-
ance of cytoplasmic EcR ﬂuorescence was signiﬁcantly longer; in
the case of brain neurons in particular, presence of cytoplasmic
EcR ﬂuorescence spanned almost throughout development. Curi-
ously, in fat body and epidermal cells nuclear EcR ﬂuorescence
appeared almost immediately after feeding, whereas cytoplasmic
EcRﬂuorescenceappearedonly6dayslater.Weconclude,ﬁrstthat
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FIGURE3|S c hematic diagram of the periods during development (in
days after feeding) during which cytoplasmic (light bars; day) and
nuclear (dark bars; night) EcR ﬂuorescence was found in six different
tissues. Hatched areas of each bar show the length of time (in days) during
which EcR ﬂuorescence is seen in the cytoplasm during the day and in the
nucleus during the night of each tissue. Note that EcR is present for different
lengths of developmental time in different tissues. Cytoplasmic-nuclear
shuttling of EcR is necessarily conﬁned to the developmental times when
both the light and dark bars are hatched, i.e., EcR is present in both
compartments during the same 24h period. For details, see text.
presence of EcR in the cytoplasm is a widespread phenomenon in
Rhodnius cells. Second, during larval–adult development nuclear
and cytoplasmic EcR are seen in the same 24h period only at cer-
tain cell-speciﬁc periods during the course of development. This
observation indicates that daily shuttling between cytoplasm and
nucleus (see Cycling of EcR in Rhodnius cells) is also conﬁned to
certain speciﬁc time periods during development and that these
periods vary between cell types. These periods vary in duration
and their position on the developmental time scale depending on
the cell type. In general, during development, EcR ﬂuorescence is
found more frequently in the cytoplasm than in the nucleus. The
ﬁndingof cytoplasmicEcRthroughoutextendedperiodsof devel-
opment raises interesting questions as to the signiﬁcance of EcR
in the cytoplasm of Rhodnius cells. The spatial relationship of EcR
with cytoplasmic organelles suggests functions for cytoplasmic
EcR.
CO-LOCALIZATION OF EcR WITH MTs
Thespatialrelationshipof cytoplasmicEcRﬂuorescencewithMTs
was determined in double label experiments using the EcR anti-
bodyandanantibodyagainsttyrosilatedα-tubulin(Figures4and
5). Tissues were obtained from scotophase animals at day 13. Sev-
eral types of cells were pre-treated with taxol which stabilizes MTs
against disassembly and promotes excess assembly. Taxol caused a
marked reduction in the relative intensity of EcR ﬂuorescence in
the nucleus (compare left column of Figure 2 with left columns
in Figures 4 and 5). Therefore, it appears that MT stabilization
inhibits the accumulation of EcR within the nucleus.
Ecdysteroid receptor ﬂuorescence is shown in the left column
(green), tubulin ﬂuorescence is shown in the right column (red).
Co-localization is shown as yellow/orange in the merged column;
the cytoplasmic areas enclosed in small white rectangles in the
merged column are shown enlarged in the enlarged column from
theleft.ExtensivenetworksofMTswererevealedwithanti-tubulin
label in PG cells (Figures 4A–C), brain neurons (Figures 4D–I),
SG cells (Figures 4J–L), fat body cells (Figures 4M–O), oeno-
cytes (Figures 5A–F), and epidermal cells (Figures 5D–F). In
epidermal cells (Figure 5E) and oenocytes (Figures 5C,F)i n
particular, MTs were arranged radially from well deﬁned cen-
trosomes. Strong cytoplasmic EcR ﬂuorescence is seen in all cell
types, which exhibited a closely similar distribution to that of
MTs and extensive co-localization with MTs (merged columns
in Figures 4 and 5); this is particularly evident in oenocytes
(Figures 5A,D) and epidermal cells (Figure 5D), where specks
of EcRﬂuorescencefollowcloselytheradialpatternof MTswithin
the cell bodies (Figures 5B1,E1, arrows). The enlarged images
(enlarged columns) show clearly that EcR ﬂuorescence forms
punctate spots that are aligned along MTs. Therefore, an inti-
mate spatial relationship exists between EcR ﬂuorescence and
tubulin ﬂuorescence suggesting a potential association between
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FIGURE 4 | Cells double-labeled with anti-EcR (left column, green)
and anti-tubulin (right column, red). Merged images of left and right
are shown in the merged column. Co-localization is shown as
yellow/orange. Cells were pre-incubated with the MT-stabilizing agent
taxol. PG cells (A–C), brain neurons (D–I), SG cells (J–L), fat body cells
(M–O). Areas enclosed in the white lined boxes in (B,E,H,K,N) are
shown in the enlarged column as (B1,E1,H1,K1,N1) respectively; these
images show details of co-localization of EcR ﬂuorescence with tubulin
ﬂuorescence on MTs. Note the alignment of EcR ﬂuorescence with MTs
in these images; this is particularly evident in (H1) that shows an axon.
Arrows in (B1,K1,N1) show that not all EcR ﬂuorescence co-localizes
with MTs. Scale bars=10 μm.
EcR and MTs. This co-localization between MTs and EcR was
also observed in axons of brain neurons shown in Figure 4H1,
suggesting that EcR may be moved along axons (above) by MTs.
However, it should be noted that not all cytoplasmic EcR ﬂuores-
cence co-localized with MTs; this is evident in Figures4B1,K1,N1
and 5B1,E1 (arrows).
Pre-treatment of scotophase cells with colchicine, a MT dis-
rupting agent, disrupted the MT network, and anti-tubulin ﬂuo-
rescence became re-distributed into discrete cytoplasmic pockets
in the form of bright dots (Figure 6, right column). The co-
localization of tubulin and EcR ﬂuorescence persisted in these
pockets (Figure 6, merged column). Critically, the nuclear EcR
ﬂuorescence was greatly diminished (Figure 6, left column). This
pattern of distribution of EcR ﬂuorescence resembles that of the
photophase (see Figure 2) rather than the scotophase. Therefore,
disruption of MTs causes a loss of nuclear EcR ﬂuorescence (like
that with stabilization of MTs by taxol) and a re-distribution of
cytoplasmic EcR ﬂuorescence into the photophase conﬁguration
rather than that of the scotophase. We conclude that some EcR
co-localizeswithMTsinvariouscelltypesof Rhodnius,suggesting
that EcR may be transported within the cytoplasm using the MT
network.
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FIGURE 5 | Cells double-labeled with anti-EcR (left column,
green) and anti-tubulin (right column, red).The merged column
shows merged images of left and right. Co-localization is shown as
yellow/orange. Cells were pre-incubated with the MT-stabilizing agent
taxol. Large cells are oenocytes and small cells are epidermal cells.
Both rows show different aspects of oenocytes. (C,F) Show the radial
arrangement of MTs from a well deﬁned centrosome. Areas enclosed
in the white lined boxes in (B,E) are shown in the enlarged column as
(B1,E1) respectively. Note the co-localization of EcR ﬂuorescence
with MTs (yellow specks) in (B1,E1). Some EcR ﬂuorescence does
not associate with MTs [green specks, arrows in (B1,E1)]. Scale
bars=10 μm.
FIGURE6|P Gcells (A–C), brain neurons (D–F), and SG cells (G–I)
pre-treated with colchicine to disrupt MTs and double-labeled with
anti-EcR (left column, green) and anti-tubulin (right column, red).
Co-localization is shown as yellow/orange in the merged images of left and
right in the middle column. Note the disruption of MTs in (C,F,I), which
appear as ﬂuorescent specks and re-distribution of tubulin ﬂuorescence.
Co-localization is retained after colchicine treatment (B,E,H). Scale
bars=10 μm.
CO-LOCALIZATION OF EcR WITH THE MOLECULAR CHAPERONE Hsp90
Co-localization of EcR with the molecular chaperone Hsp90 was
examinedinSGcells.Rhodnius SGsconsistofasinglelobewhichis
composedof anepithelialmonolayerof ﬂatbinucleatecells(about
6–8μm thick) surrounding the lumen that contains the salivary
secretions. These cells are very large (about 40μm in diameter)
which makes them ideal for cytological analysis of their cytoplas-
mic constituents. The cellular distribution of Hsp90 (Figure 7
right, red) and its co-localization with EcR (Figure 7 left, green)
were both revealed in double label experiments with antibodies
against both proteins (Figures 7A–L). Hsp90 was seen in abun-
dance forming a punctate pattern in the cytoplasm of cells in
photophase (Figures7I,L,M),where much,but not all,Hsp90 co-
localized with EcR (EcR seen in Figures 7G,J). Co-localization
is seen in particular in the merged images in Figures 7H,K
and the enlarged images in Figures 7H1,K1; the abundance of
Hsp90 in these images agrees with its ubiquitous presence in
animal cells. Likewise, not all of the green specks of EcR ﬂuo-
rescence co-localized with the red specs of Hsp90 ﬂuorescence
(Figure 7H1), showing that only a portion of cytoplasmic EcR is
associated with Hsp90. This close spatial relationship of EcR with
Hsp90 suggests that an EcR–Hsp90 receptor-chaperone complex
may be formed, as is common with other steroid receptors (see
Discussion).
In nuclei from the scotophase, Hsp90 was found as a diffuse
stain in many cells of the same sample (Figure 7F), (but not
all, Figure 7C), where it co-localizes with EcR ﬂuorescence (yel-
low/green nuclei in Figure 7E). When co-localization of Hsp90
and EcR was seen in nuclei, Hsp90 presence in the cytoplasm was
considerablyreduced(Figure7E1;comparewithFigure7B1)and
noco-localizationwasseenwithEcR,suggestingthatmostEcRhad
been transported to the nucleus during the scotophase (compare
Figures7A,DwithFigure7G,whichshowsnucleiinphotophase).
Images Figures 7C,F suggest the existence of two different states
of Hsp90 in nuclei, one potentially associated with EcR and the
other potentially dissociated from it.
In the cytoplasm, pre-treatment with taxol caused a dra-
matic re-organization of both EcR dots (Figure 7J) and Hsp90
dots (Figure 7L); both formed elongated rods arranged in lines
that presumably correspond to MTs. Even after taxol treatment,
the cytoplasmic co-localization of Hsp90 with EcR was main-
tained (Figures 7K,K1). Double labels with anti-Hsp90 and anti-
tubulinrevealedaco-localizationof Hsp90(Figure7M)withMTs
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FIGURE7|S Gcells double-labeled with anti-EcR and anti-HsP90 (A–L).
Anti-EcR is shown on the left column (green) and anti-Hsp is shown on the
right column (red). (M–O) Shows double labels with anti-Hsp90 (left, green)
and anti-tubulin (right, red).The merged column shows the merged images of
left and right. Co-localization is shown as yellow/orange. Areas enclosed in the
white lined boxes in (B,E,H,K,N) are shown in the enlarged columns as in
(B1,E1,H1,K1,N1) respectively; these images show details of co-localization
of EcR ﬂuorescence with Hsp90 ﬂuorescence (B1,E1,H1,K1) and details of
co-localization of Hsp90 ﬂuorescence with anti-tubulin (N1). (A–F) Show SG
cells in scotophase and (G–I) shows cells in photophase. Note absence of
co-localization in the cytoplasm in scotophase [abundance of red and green
specks in (B1,E1)] and widespread co-localization in photophase [abundance
of yellow/orange specks in (H1)]. (J–L) Shows cells pre-treated with taxol.
Note the arrangement of co-localized EcR and Hsp90 ﬂuorescence in yellow
lines (K1).I n(N1), note co-localization of Hsp90 ﬂuorescence with tubulin
ﬂuorescence (yellow specks along MTs). Scale bars=10 μm.
(Figure 7O)a ss e e ni nFigure 7N; this co-localization was in the
form of ﬁne lines along the tracks of MTs as seen in the enlarged
imageinFigure7N1.Therefore,theputativeEcR–Hsp90complex
is co-localized with the MT network in the cytoplasm of Rhodnius
SG cells.
CO-LOCALIZATION OF EcR WITH THE IMMUNOPHILIN FKBP52
ThecellulardistributionofimmunophilinFKBP52(Figures8C,F,I,
red) and its spatial relationship with EcR (Figures8A,D,G,green)
was revealed with double labels using antibodies against both
proteins (Figures 8A–I). FKBP52 ﬂuorescence appears punctate
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FIGURE8|( A – I )Show SG cells double-labeled with anti-EcR (left column,
green) and anti-FKBP52 (right column, red). (J–L) Show SG cells
double-labeled with anti-FKBP52 [(J), green] and anti-tubulin [(L), red].The
merged column shows merged images of left and right. Co-localization is
shown as yellow/orange. Areas enclosed in the white lined boxes in (B,E,H,K)
are shown enlarged in (B1,E1,H1,K1) respectively; these images show details
of co-localization of EcR ﬂuorescence with FKBP52 ﬂuorescence (B1,E1,H1)
and details of co-localization of FKBP52 ﬂuorescence with anti-tubulin (K1).
(A–C) Show scotophase and (D–F) show photophase. Note the absence of
cytoplasmic co-localization of EcR ﬂuorescence and FKBP52 ﬂuorescence in
scotophase and its presence in nuclei [red and green specks in (B1)]. In
contrast, note extensive co-localization in the cytoplasm in photophase and its
absence from nuclei [yellow specks in (E1)]. (G–I) Show cells pre-treated with
taxol. Note the alignment of yellow dots and rods in lines in (H1).I n(K1), note
co-localization of FKBP52 ﬂuorescence with anti-tubulin (yellow specks along
MTs). Scale bars=10 μm.
and broadly distributed throughout the cytoplasm in photophase
(Figure 8F) and is partially co-localized with the green EcR dots
(Figure 8E). The enlarged image in Figure 8E1 clearly shows yel-
low dots, indicating a co-localization of EcR and FKBP52 in the
cytoplasm of SG cells. In the nucleus, co-localization is seen in
the scotophase, where ﬂuorescence of FKBP52 (Figure 8C)c o -
localizes with that of EcR (Figure8A) as shown in Figures8B,B1,
where nuclear stain appears as diffuse yellow/green. In the sco-
tophase, little, or no EcR ﬂuorescence remains in the cytoplasm
(seeFigure8B1),andtheremainingFKBP52ﬂuorescenceappears
as red dots (free FKBP52; compare Figure 8E1 with Figure 8B).
Two conclusions can be drawn from these ﬁndings: ﬁrst,EcR may
form a complex with the co-chaperone FKBP52 in photophase
and second, this complex seems to translocate to the nucleus in
scotophase.WhenphotophaseSGcellswerepre-treatedwithtaxol,
the previously scattered dots of EcR and FKBP52 seen in the cyto-
plasmof untreatedcells(see Figures8E,E1),becamere-organized
t oe l o n g a t e dr o d s( Figure 8G for EcR ﬂuorescence and Figure 8I
for FKBP52 ﬂuorescence) that aligned in tandem in the direc-
tion of MTs as seen in the merged images in Figures 8H,H1. This
alignment of EcR–FKBP52 into rows suggests they may attach to
MTs. This inference is supported by double labels of scotophase
SGs with anti-FKBP52 (Figure 8J) and anti-tubulin (Figure 8L),
in which FKBP52 ﬂuorescence co-localizes with MTs as shown
in the merged image in Figure 8K and the enlarged image in
Figure 8K1. These observations suggest that FKBP52 is probably
attached to MTs. We conclude that the inferred EcR–FKBP52
complex co-localizes with MTs.
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CO-LOCALIZATION OF EcR WITH LIGHT CHAIN 1 OF DYNEIN
The co-localization of EcR with the light chain 1 of dynein,
DYNLL1, was revealed in photophase SG cells with triple
labels using antibodies against EcR (Figure 9A; green), tubu-
lin (Figure 9B; red) and dynein (Figure 9C; blue). Stain-
ing of cytoplasmic dynein was punctate throughout the cyto-
plasm (Figure 9B) and co-localized with both EcR and tubulin
(Figure 9D). Co-localization of all three appears as white dots
throughoutthecytoplasm,whichappeartofollowthetracksofthe
MTasseenintheenlargedareainFigure9D1.Itisthereforeprob-
able that that EcR co-localizes with both DYNLL1 and tubulin.
CO-LOCALIZATION OF EcR WITH MITOCHONDRIA
The spatial relationship of EcR and mitochondria was exam-
ined in brain neurons (Figures 10A–C), PGs (Figures 10D–F),
SGs (Figures 10G–I), epidermal cells (Figures 10J–L), and fat
body cells (Figures 10M–O) in double label experiments using
anti-EcR (left column, green) and MitoTracker Deep Red 633
(right column, red); co-localization is shown as yellow/orange
in the merged column. All dissections were carried out in pho-
tophase. Mitochondria were widely distributed in the cytoplasm
of all cells forming ﬂuorescent webs with a relatively high den-
sity in the perinuclear region; this is particularly evident in PG
cells (Figure 10F), epidermal cells (Figure 10L), and fat body
cells (Figure10O). The distribution of mitochondria in ﬁxed cells
closely reﬂects that in live cells, where the mitochondria tend to
aggregate in the perinuclear area of cells, showing that ﬁxation
preserved organelle structure satisfactorily (not shown). In all cell
types there was considerable co-localization of EcR ﬂuorescence
withthatofMitoTracker(arrowsinthemergedcolumn).However,
not all EcR ﬂuorescence co-localized with mitochondrial ﬂuores-
cenceasitisseenasawidespreadgreenlabelinFigures10B,E,H,N.
Likewise,notallmitochondrialﬂuorescenceco-localizedwithEcR
FIGURE 9 |Triple labeling of SG cells with anti-EcR [(A), green],
anti-tubulin [(B), red] and anti-dynein [(C), blue]. Co-localization is
shown in (D,D1) as white. Area enclosed in the white lined boxes in (D) is
shown enlarged in (D1) to show details of co-localization. Note
co-localization of EcR, tubulin, and dynein ﬂuorescence in (D1) as white
dots (arrows). Scale bars=10 μm.
ﬂuorescence (seen as red specks in the middle column). The
degree of co-localization depended on the cell type. Brain neu-
rons(Figures10A–Cshowsalargeneurosecretorycellandsmaller
neurons),PGcells(Figures10D–F),SGcells(Figures10G–I),and
fat body cells (Figures 10M–O) showed moderate co-localization
whereas, epidermal cells (Figures 10J–L) showed extensive co-
localization. Therefore, a considerable amount of, but not all,
cytoplasmic EcR ﬂuorescence, co-localizes with mitochondria in
Rhodnius cells,depending on the cell type.
ABSENCE OF CO-LOCALIZATION OF EcR WITH ACIDIC ORGANELLES
Thespatialrelationshipof EcRwithcytoplasmicacidicorganelles,
such as lysosomes, was examined in double label experiments
(Figure 11) using anti-EcR (left column; green) and LysoTracker
(rightcolumn;red);co-localizationisshowninthecentralcolumn
asorange/yellow.LysosomeshavebeenimplicatedinEcRelimina-
tioninsomeanimals(seeDiscussion).Animalswereselectedatthe
same developmental days as above. None of the cell types tested
showed any signiﬁcant co-localization of EcR ﬂuorescence with
LysoTrackerﬂuorescenceasintheexamplesshownFigures11A–C
for brain neurons and Figures 11D–F for SG cells. We conclude
that EcR in Rhodnius does not appear to associate with acidic
organelles.
DISCUSSION
NUCLEOCYTOPLASMIC SHUTTLING OF EcR AND THE ROLE OF
MICROTUBULES
The temporal and spatial proﬁles of EcR reported here during
larval–adult development, revealed that shuttling between the
nucleus and cytoplasm was restricted to speciﬁc developmental
periodsinmostcelltypes.Inmanycases,thepresenceofEcRinthe
cytoplasm exceeded the period of shuttling. This ﬁnding empha-
sizes that not all of the cytoplasmic EcR is necessarily involved
in shuttling. This conclusion raises the prospect that EcR may
also be involved in speciﬁc cytoplasmic events, i.e., non-genomic
actions. Further investigation of the function(s) of cytoplasmic
EcR is clearly required. In Rhodnius, daily shuttling of EcR to
the nucleus implies EcR transport mechanisms. Extensive work
with mammalian nuclear receptors has established that receptors
employ various methods for nuclear import, including conven-
tional nuclear localization signal machinery or use of cytoskeletal
tracks (review by Echeverria and Picard, 2010). Conventional
machineryinvolvingnuclearsignalinghasbeenuntilnowassumed
the only mechanism of intracellular EcR movement (reviews by
Henrich, 2009; Nakagawa and Henrich,2009).
We studied details of nucleocytoplasmic trafﬁcking of EcR in
Rhodnius cells.Wefoundthatinavarietyof cellstypes,substantial
amountsofEcRco-localizedwiththeMTnetworkwhenMTswere
stabilized with taxol. In epidermal cells and oenocytes in partic-
ular, where well deﬁned centrosomes were present, specks of EcR
ﬂuorescence were detected attached to radiating lines of MTs (see
Figure5).Thisrelationshipof EcRwiththecytoskeletonininsects
has only been reported before in Rhodnius PG cells (Vafopoulou,
2009). No such association has been reported for any other insect.
In contrast, this association is quite common in mammals where
shuttling of nuclear receptors in and out of the nucleus has been
the focus of in depth study. Association of steroid receptors with
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FIGURE 10 | Cells double-labeled with anti-EcR (left column, green) and
MitoTracker (right column, red). Co-localization is shown as yellow/orange in
the merged images of left and right in the middle column. Brain neurons
(A–C), PG cells (D–F), SG cells (G–I), epidermal cells (J–L), and fat body cells
(M–O). Arrows in the merged images (B,E,H,K,N) show co-localization as
yellow dots. Scale bars=10 μm.
MTshasbeenreported,bothfortheligand-freereceptor(e.g.,GR,
Akneretal.,1991;reviewsbyAkneretal.,1995andbyDvoráketal.,
2004)andfortheligand-boundreceptor(e.g.,estrogenreceptorα,
Azuma et al., 2004; Manavathi et al., 2006; progesterone receptor,
Shimazu, 2003; GR, Galigniana et al., 1998, 2001; Dvorák et al.,
2005,2007; Harrell et al.,2004; vitamin D receptor,Barsony et al.,
1997). These precedents raise the prospect that MT may play a
criticalroleinEcRshuttlinginRhodnius andpotentiallyininsects
in general.
Ourpresentandpreviousdata(Vafopoulou,2009)showedthat
treatment of scotophase cells with the MT-stabilizing agent taxol
resulted in a considerable reduction in nuclear EcR with the con-
comitant increase in cytoplasmic EcR. This ﬁnding suggests that
MT stabilization inhibits receptor accumulation in the nucleus
and further supports the notion that MTs may serve as movement
machinery for EcR. Possibly, stabilization of MTs prevents move-
ment of EcR to the nucleus by tethering it to MTs. Evidence in
support of this idea was provided by Manavathi et al. (2006) who
found that taxol inhibited ERa transcriptional activity in human
breastcancercellsandtaxolincreasedtubulinassociationwiththe
mineralocorticoid receptor (MR)–Hsp90 heterocomplex (Galig-
niana et al., 2010). We also observed that disruption of MTs in
cells using colchicine (Vafopoulou, 2009 and present evidence)
resulted in depletion of nuclear EcR, suggesting that destruction
of cytoskeletal tracks also inhibited transport of EcR from cyto-
plasm to nucleus. A comparable inhibition of nucleocytoplasmic
shuttling of GR and aryl hydrocarbon receptor by agents that
disrupt MTs was reported by Dvorák et al. (2007). In colchicine-
treated cells of Rhodnius, the association of EcR with tubulin
was maintained but became fragmented into scattered dots in
pockets of cytoplasm with the normal organized network of MTs
being lost. This ﬁnding again supports the idea that nucleocy-
toplasmic shuttling of EcR requires an intact cytoskeleton. The
directionalmovementthroughthecytoplasmtothenucleususing
MTs implied by the above argument clearly indicates genomic
action of EcR.
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FIGURE 11 | Cells double-labeled with anti-EcR (left column, green)
and LysoTracker (right column, red).The middle column shows merged
images of left and right. Brain neurons (A–C) and SG cells (D–F). Note the
low level of co-localization in the merged images in the middle column. EcR
ﬂuorescence and ﬂuorescence from LysoTracker labeling are shown as
distinct red and green dots in the cytoplasm. Scale bars=10 μm.
RELATIONSHIPS OF EcR WITH THE CHAPERONE Hsp90 AND THE
FKBP52 IMMUNOPHILIN
Proteins require molecular chaperones for protection from prote-
olysis, normal folding, and maturation. Generally, steroid recep-
torsformlargemultiproteinheterocomplexeswiththeubiquitous
and essential chaperone proteins, the heat shock proteins 90 and
70 (Hsp90 and Hsp70) and many co-chaperones including the
immunophilinsFKBP51andFKBP52thatbindtoanacceptorsite
on Hsp90 via a tetratricopeptide repeat (TPR; reviews by Nollen
and Morimoto, 2002; Pratt and Toft, 2003; Pratt et al., 2004a,b).
Immunophilins are intracellular receptors for immunosuppres-
sant drugs such as FK506, rapamycin, and cyclosporine A and
have been implicated as modulators of steroid receptor function
(Ratajczak et al.,2003).
We used antibodies against human Hsp90 and FKBP52 to
localize intracellularly related proteins within Rhodnius SG cells.
We used these cells as model cells for Rhodnius because of their
largesize,ﬂatmorphology,andexpansivecytoplasmicarea.Hsp90
is a ubiquitous and highly conserved protein crucial to cellu-
lar signaling involved in numerous cellular regulations including
steroid hormone signaling, the regulation of folding, activity, and
stability of a wide range of client proteins such as steroid recep-
tors (reviews by Pratt et al., 2004a,b; Picard, 2006; Echeverria
and Picard, 2010). The FK506-binding protein 52, FKBP52, is
part of the mature steroid receptor heterocomplex and it plays
a crucial role in the intracellular trafﬁcking of receptors (reviews
above). On Western blots of SG protein extracts, the antibody
against human Hsp90 recognized a peptide around 90kDa and
the antibody against human FKBP52 recognized a peptide of
molecular size about 45kDa showing that Rhodnius contains
immunoreactivepeptidesof similarmolecularsizetotheirhuman
equivalents. Double immunolabels showed extensive and inti-
mate co-localization of EcR with both the ubiquitous chaperone
Hsp90andtheco-chaperoneFKBP52.Theseclosespatialrelation-
ships provide the ﬁrst evidence that EcR may associate with both
chaperone proteins, suggesting that these proteins may form het-
erocomplexes with EcR in Rhodnius as they do with mammalian
steroid receptors. Information is scarce about the requirement
of chaperones or even their presence, for EcR function, with a
few exceptions. For example,puriﬁed EcR/USP heterodimer from
Drosophila acquires DNA binding activity only with the addition
of chaperones such as Hsp90 and FKBP52 (Arbeitman and Hog-
ness, 2000). Also, FKBP52 was immunoprecipitated along with
EcR in the PGs of M. sexta, raising the possibility of a functional
role of this immunophilin in this insect (Song et al.,1997).
Importantly, both Hsp90 and FKBP52 co-localize with MTs in
Rhodnius SG cells. Association of FKBP52 with MTs and tubulin
in particular has also been shown in mammalian cells (Perrot-
Applanat et al., 1995; Chambraud et al., 2007). Since EcR co-
localizes with both Hsp90 and FKBP52 and all three proteins also
co-localize with MTs,it is reasonable to suggest that the EcR asso-
ciation with MTs occurs in the form of a EcR–Hsp90–FKBP52
heterocomplex as does its mammalian counterparts (see below).
Interestingly,the intimate association of EcR with either chap-
erone is maintained in both the photophase and scotophase. In
the photophase,associations of EcR with either Hsp90 or FKBP52
appear as scattered ﬂuorescent dots in the cytoplasm with no
ﬂuorescence present in the nucleus. On the other hand, in sco-
tophase, both Hsp90 and FKBP52 ﬂuorescence co-localize with
EcR ﬂuorescence in the nucleus. At the same time, the cytoplasm
becomes largely devoid of ﬂuorescent dots from co-localization
of EcR with either chaperone, suggesting that the bulk of EcR
has become transported to the nucleus as a complex with Hsp90
and FKBP52. In scotophase,we detected EcR-positive nuclei both
with and without Hsp90 in the same tissue sample, which is
consistent with the expectation that Hsp90 dissociates from the
receptorwithinthenucleusfollowingtransport.Dissociationfrom
FKBP52 may also occur inside the nucleus. A widely accepted
model is that the receptor–Hsp90 based heterocomplex dissoci-
ates in the cytoplasm following receptor transformation by ligand
binding. However, recent evidence showed that the MR–Hsp90–
immunophilincomplexaccumulatesinthenucleusinahormone-
dependentmanneranddissociateswithinthenucleus(Galigniana
etal.,2010),i.e.,receptortransformationoccursinside thenucleus.
Evenintheabsenceof ligand,GR–Hsp90–immunophilincomplex
can translocate into the nucleus as an intact complex (Echeverría
et al., 2009). Our results are consistent with the view that disso-
ciation of EcR from the chaperones Hsp90 and FKBP52 occurs
within the nucleus, indicating that transformation of the recep-
tor occurs inside the nucleus. Considering the fact that daily EcR
shuttling occurs in synchrony with daily ecdysteroid peaks in the
hemolymph (Vafopoulou and Steel, 2006; review by Steel and
Vafopoulou, 2006), we envisage that EcR is transformed rhyth-
mically every day inside the nucleus in response to daily pulses of
the ligand.
RELATIONSHIP OF EcR WITH CYTOPLASMIC DYNEIN AND ROLE OF THE
COMPLEX IN EcR TRAFFICKING
The cytoskeleton is considered a vital biological network for inte-
gration of signal transduction pathways. Bi-directional transport
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of cargo is achieved by motor-driven structures like MTs (review
by Welte, 2004). MTs have plus and minus ends. They are orga-
nized in such a way that their minus ends are clustered around
the centrosome, which is located near the nucleus and their
plus ends are near the periphery. This arrangement is suit-
able for transport of cargo from the cytoplasm to the nucleus
and back. Cytoplasmic dynein is a multisubunit high molecu-
lar weight ATPase that transports cargo to the minus end of
MTs. In mammals, two of its components are the very closely
related light chains 1 (DYNLL1 also designated DLC8 because
of its low MW about 8kDa, or PIN) and 2, which are ubiq-
uitous and among the most highly conserved proteins among
species (see review by Pﬁster et al., 2006). A Blast search revealed
a 95% amino acid sequence similarity with DNLL1 of Aedes
aegypti and Culex quinquefasciatus and the “cut–up” protein of
Drosophila melanogaster.T h eDrosophila homolog to DYNLL1
(Cdlc1, also known as ddlc1 and “cut-up”) is ubiquitously
expressed during development and in the adult and is required
for both embryogenesis and cell differentiation (review by Pﬁs-
ter et al., 2006). In Rhodnius SG cells, the antibody against
human DNLL1/2 recognized a small protein of about 15kDa on
SDS-PAGE immunoblots that co-migrated with human DYNLL1,
showing that Rhodnius possesses a peptide related to human
DYNLL1.
We investigated the structural association between EcR and
MTs in triple labeled experiments with the light chain dynein,
DYNLL1 component of the dynein motor protein. We detected
abundant dynein ﬂuorescence in the cytoplasm of SG cells, sub-
stantial amounts of which co-localized with both EcR and with
tubulin on MTs.Altogether,these ﬁndings imply that all four pro-
teins EcR, Hsp90, FKBP52, and light chain dynein 1 are found
together and with tubulin on MTs. Therefore,we suggest that EcR
forms a heterocomplex with Hsp90 and FKBP52 that co-localizes
on MTs with the motor protein dynein. These considerations sug-
gest that the intracellular movement of EcR in Rhodnius cells
employs the cytoskeletal tracks of MTs. The suggestion that MTs
may use the EcR–Hsp90 heterocomplex as cargo for cytoplasmic
transport has not been considered in any previous work. The rela-
tion of EcR with the MT network would also explain the present
ﬁnding of EcR in axons of brain neurons in Rhodnius.S t e r o i d
receptors in axons have been detected in many mammalian sys-
tems (e.g., ER, Milner et al., 2005; AR, Milner et al., 2007). It is
well-known that retrograde transport of cargo in axons requires
cytoplasmic dynein and MTs (review by Hirokawa and Takemura,
2004).
There is a growing body of information, mostly derived from
studies with the GR that supports the hypothesis that FKBP52
provides a link between the receptor–Hsp90–immunophilin het-
erocomplex and the cytoplasmic dynein motor complex (Harrell
etal.,2004).Forexample,FKBP52isrequiredfordynein/dynactin-
dependent retrograde movement of GR (Harrell et al.,2004),MR
(Piwien Pilipuk et al., 2007; Galigniana et al., 2010), aryl hydro-
carbon (Kazlauskas et al.,2001),p53 (Galigniana et al.,2004),and
possibly estrogen receptor (Rayala et al., 2005). Interestingly, GR
heterocomplexes isolated from the cytosol also contained tubulin,
indicatingthatthedyneinmotorlinksthereceptorheterocomplex
to MTs (Harrell et al.,2004).
The above suggestions that EcR forms a complex with both
Hsp90 and FKBP52 that attaches itself to the motor protein
dynein on MTs for transport to the nucleus provides a mecha-
nism by which EcR could exert its genomic effects. The complex
seems to dissociate inside the nucleus. Therefore, we infer that
the daily nucleocytoplasmic shuttling of EcR that occurs during
deﬁnedperiodsof larval–adultdevelopmentof Rhodnius employs
cytoskeletal tracks for movement. Nucleocytoplasmic shuttling of
EcRisfurthersupportedbythefactthatEcRsinotherspeciespos-
sess several nuclear export signals in addition to a nuclear import
signal (Gwózdz et al., 2007; Betanska et al., 2011). Because the
nuclearEcRrhythmissynchronoustotherobustcircadianrhythm
of circulating ecdysteroids it is inferred that Rhodnius cells detect
and respond to the daily signals in the rhythmic ecdysteroid titer.
Theseinferencesraisesomeinterestingquestions.IsEcRtrans-
ported to the nucleus alone or in the form of a heterodimer
with Usp? It has been shown that EcR binds to ecdysteroids in
the absence of its heterodimerization partner Usp (Grebe et al.,
2000; Nieva et al., 2007) and EcR import to the nucleus increased
in a hormone-dependent manner (Lammerding-Köppel et al.,
1998; Nieva et al., 2007). Further, in a mammalian cell line which
expresseseitherEcRorUsp,taggingof theproteinswiththeyellow
ﬂuorescent protein showed that Usp resides almost exclusively in
the nucleus whereas EcR is found in both the nuclear and cyto-
plasmic compartments (Nieva et al., 2005; Gwózdz et al., 2007).
Indeed, Usp possesses only nuclear localization signals but no
nuclearexportsignals,whereasEcRpossessesboth(Gwózdzetal.,
2007). Therefore, one view that we cannot exclude is the possi-
bility that EcR in Rhodnius shuttles undimerized to the nucleus.
Indeed, EcR undimerized with Usp induces transcription of glue
genesintheSGsofDrosophila (Constantinoetal.,2008).However,
when both Usp and EcR are co-expressed in the above mam-
malian cell line, the presence of Usp favors nuclear localization of
EcR (Gwózdz et al., 2007). Further, stable residency of EcR in the
nucleus requires the formation of a heterodimer with Usp (Nieva
etal.,2005).Theseﬁndingssupporttheoppositeviewthatbecause
EcRinRhodnius cellsresidesinnucleiformanyhourseverynight,
it might require partnership with Usp in the nucleus. Such an
arrangementwouldimplythatUsptransporttothenucleusisalso
rhythmic in Rhodnius.
ASSOCIATION OF EcR WITH THE MITOCHONDRIA
A substantial amount of cytoplasmic EcR ﬂuorescence does not
co-localize with MTs. When we examined the association of EcR
with mitochondria in double label experiments with a vital ﬂu-
orescent dye that labels mitochondria, we detected substantial
co-localization.Mitochondriaarevisibleaspunctatearraysofdots
and rods that in many cases form dense aggregates,particularly in
theperinuclearregion.Thisperinuclearaggregationof mitochon-
dria is a well-known distribution pattern of mitochondria within
cells. The distribution pattern of EcR ﬂuorescence in this area is
similartothatof othernuclearreceptorsinmammaliancells(e.g.,
for GR, Scheller et al., 2000; for ER, Chen et al., 2004). Associa-
tionof steroidreceptorswithmitochondriahasbeendocumented
formanymammaliansteroidreceptors(referencesinVafopoulou,
2009), where they are thought to inﬂuence mitochondrial gene
activity. Indeed, hormone response elements in mitochondrial
Frontiers in Endocrinology | Experimental Endocrinology March 2012 | Volume 3 | Article 43 | 14Vafopoulou and Steel EcR intracellular localization and transport
DNA and active hormone receptors were found to be imported
into mitochondria and enhance the transcription of mitochon-
drial genes (references in Vafopoulou, 2009). The association of
EcR with mitochondria of several cell types in Rhodnius raises
the possibility that EcR, like its mammalian counterparts, may
beinvolvedinthecoordinationof ecdysteroid-responsivegenesin
mitochondria.ThepresentﬁndingofEcRalongnerveaxonshighly
remote from the nucleus (as seen for other steroid hormones; see
above),emphasizes the generality of such non-genomic functions
of steroid hormones.
Wedidnotﬁndmuchassociationof EcRwithacidicorganelles
in cells such as lysosomes. The absence of EcR from acidic
organelles suggests that lysosomes may not be involved in the
removal of EcR from the cell. This is unlike estrogen receptor
α presence in lysosomes of mammalian cells, which suggested a
role for lysosomes in receptor degradation as it shuttles out of the
nucleus (Qualmann et al.,2000).
Since EcR exhibits a daily rhythm in Rhodnius that is driven by
therhythmincirculatingsteroidhormonelevels(Vafopoulouand
Steel, 2006; review by Steel and Vafopoulou, 2006), it is likely that
both genomic and non-genomic effects will show synchronous
daily rhythms.
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